Pressure effects on transport as well as structural properties have been investigated for a bilayer manganite, La 2Ϫ2x Sr 1ϩ2x Mn 2 O 7 (xϭ0.48), near the phase boundary between the ferromagnetic metallic and the A-type antiferromagnetic states. An insulator-metal ͑IM͒ transition is found to be induced by applying pressure of ϳ0.7 GPa. On the basis of the synchrotron radiation x-ray structural analysis under high pressures, we have ascribed the IM transition to the variation of the stability of the e g orbitals.
In perovskite-type transition-metal oxides, structural modification through the hydrostatic pressure and chemical substitution of the isovalent ions ͑chemical pressure͒ has significant effects on the magnetic and transport properties. [1] [2] [3] [4] [5] [6] These two pressure effects are mediated by the variation of the structural parameters, which is usually regarded as control of the one-electron bandwidth W of the narrow d band through variation of the M -O-M bond angle (M is a transition metal͒. This simple picture has successfully explained effects of the hydrostatic as well as chemical pressures in RNiO 3 ͑Ref. 1͒ and (R,A)MnO 3 , 2, 5, 6 where R and A are rare-earth and alkaline-earth metals, respectively. Nevertheless, we should recall that the pressure alters not only the W value, but also other physical quantities through variation of the structural parameters. In particular, in doped manganites with bilayer structure, La 2Ϫ2x Sr 1ϩ2x Mn 2 O 7 , 7 several researchers [8] [9] [10] [11] [12] [13] have proposed that the orbital stability of the degenerated e g states governs the magnetic and electronic properties. Then, effects of hydrostatic pressure in this system have different aspects from those in RNiO 3 and (R,A)MnO 3 .
The bilayer manganite La 2Ϫ2x Sr 1ϩ2x Mn 2 O 7 exhibits a planar ferromagnetic structure in the range 0.32рxр0.38 at low temperatures, and does a canting between the neighboring ferromagnetic MnO 2 sheets above xϳ0.39. [13] [14] [15] [16] [17] [18] The magnetic structure becomes antiferromagnetic (A type͒ for xу0.48. In the A-type bilayer manganites, the ferromagnetic MnO 2 sheet alternates along the c axis.
14-16 Such a magnetic structure is well understood in terms of the d x 2 Ϫy 2 orbital state, 19 which causes the ferromagnetic double exchange interaction 20 within the MnO 2 sheet and antiferromagnetic superexchange coupling between the adjacent sheets ͑within the bilayer͒. With this magnetic structure, the e g carriers are confined into the respective MnO 2 sheet due to the double exchange mechanism, which causes an upturn of the resistivity at lower temperature. 15 Kubota et al. 16 have systematically investigated the distortion of the MnO 6 octahedra, and have found a close correlation between the Jahn-Teller ͑JT͒ type distortion and magnetic structure. On the other hand, Akimoto et al. 13 have quantitatively investigated the stability of the d 3z 2 Ϫr 2 ͑or d x 2 Ϫy 2) orbital by means of Madelung potential calculation 8 based on the structural parameters of (La 1Ϫz Nd z ) 1.2 (Sr 1Ϫy Ca y ) 1.8 Mn 2 O 7 at a fixed hole concentration (xϭ0.4). They have found a strong interrelation between the orbital stability and the magnetic structure: with increase of the stability of the d 3z 2 Ϫr 2 orbital, the magnetic structure changes from A-type antiferromagnetic to ferromagnetic ones.
In this paper, we have investigated pressure effects on the transport as well as structural properties for a bilayer manganite, La 2Ϫ2x Sr 1ϩ2x Mn 2 O 7 (xϭ0.48), which shows the A-type spin ordering below T N ϭ200 K. Application of pressures is found to induce an insulator-metal ͑IM͒ transition. To comprehend the pressure-induced IM transition, we further have estimated the orbital stability through difference in the Madelung potential ⌬V between the d 3z 2 Ϫr 2 and d x 2 Ϫy 2 orbitals. We have found a close correlation between the resistivity behaviors and the ⌬V values. Our high-pressure data indicate that the transport properties of bilayer manganites are governed by the orbital stability even under hydrostatic pressures.
Single crystals of La 2Ϫ2x Sr 1ϩ2x Mn 2 O 7 (xϭ0.48) were grown by the floating-zone method at a feeding speed of 10-20 mm/h. Stoichiometric mixture of commercial La 2 O 3 , SrCO 3 and Mn 3 O 4 powder was ground and calcined twice at 1250-1350°C for 24 h. The resulting powder was pressed into a rod with a size of 5 mmϫ80 mm and sintered at 1350°C for 48 h. The ingredient can be melted congruently in a flow of O 2 . Single crystals, typically 4 mm in diameter and 10 mm in length, were obtained with two well-defined facets, which correspond to the crystallographic ab plane. The crystal symmetry is tetragonal (I4/mmm; Zϭ2) at ambient pressure without detectable impurities. A hydrostatic pressure was obtained with a clamp-type piston cylinder cell. 6 The in-plane component of resistivity ( ab ) was measured by the four-probe method using heat-treatment-type silver paint as electrodes. A small piece of crystal (ϳ0.5 ϫ1ϫ2mm
3 ) was placed in a sample room, which was filled with silicone oil as a pressure-transmitting medium. The sample temperature was monitored with an AuFe͑0.07%͒-Chromel thermocouples attached at the pressure cell near the sample room. The pressure values quoted in this paper are those measured at room temperature. ͓The applied pressure relaxes at a rate of Ϫ7%/100 K͔ Pressure-induced changes in the ab ϪT curves were reproducible in repeated pressure cycles.
We show in Fig. 1͑a͒ 15 Application of pressures significantly affects the resistivity behaviors, especially in the low-temperature region. At 1.44 GPa ͑1.08 GPa͒, the ab ϪT curve shows a sharp drop below ϳ130 K (ϳ120 K) and then monotonously decreases. The ab ϪT curve at Pу0.7 GPa is reminiscent of that of ferromagnetic metallic ͑FM͒ La 0.12 Sr 1.8 Mn 2 O 7 (xϭ0.4). 7 For comparision, we show in Fig. 1͑b͒ Magnetic field was applied parallel to the ab plane. Under a field of 9 T, in which the low-temperature phase is nearly ferromagnetic ͓the in-plane component M ab of magnetization is ϳ2.2 B at 40 K; see inset of Fig. 1͑b͔͒ , the ab ϪT curve shows a metallic behavior below ϳ160 K. 21 These suggest that the low-temperature phase at Pу P c ϳ0.7 GPa is FM.
To determine the variation of structural parameters under pressures, we have performed high-pressure x-ray experiments using a specially designed diamond-anvil cell ͑DAC͒ at room temperature. Synchrotron radiation ͑SR͒ x-ray source at Photon factory BL-1B was used with a cylindrical imaging plate as a detector, to obtain powder data of good counting statistics. Melt-grown crystal ingots were crushed into fine powder and were sealed in a gasket hole of the DAC, 0.1 mm in thickness and 0.3 mm in diameter, which was filled with ethanol/methanol mixture as a pressuretransmitting medium. Magnitude of the applied pressure were monitored by the position of the luminescence line R 1 ͑Ref. 22͒ from a small piece of ruby placed in the gasket hole. Precipitation method 23 was adopted in order to get a fine powder, which gives a homogeneous intensity distribution in the Debye-Scherrer powder ring. The wavelength of the incident x ray is 0.68975 Å, and the exposure time was for 30 min. We have analyzed thus obtained x-ray patterns with RIETAN-97␤ program, 24 and listed the prototypical results in Table I . The final refinements are satisfactory, in which R wp is fairly typical of the published one (R wp ϭ2 -3%). Finally, let us compare the present pressure effects on the orbital stability with the chemical pressure effects. 13 In the inset of Fig. 3 orbital is stabilized͒, the magnetic structure changes from A to F, and finally the P state appears. In the point of the orbital stability, the present compound (⌬Vϳ0.01 at ambient pressure͒ locates in the A phase near the F-A phase boundary. Application of pressure significantly enhances the ⌬V value at a rate of ϳ0.05 eV/GPa. Then, the pressurized compound could go beyond the A-F phase boundary at ϳ1 GPa, which is consistent with the experimentally obtained value ͓ P c ϳ0.7 GPa; see Fig. 1͑a͔͒ .
In summary, we have investigated pressure effects on the structural parameters of La 2Ϫ2x Sr 1ϩ2x Mn 2 O 7 (xϭ0.48), which shows the IM transition at P c ϳ0.7 GPa. The Madelung potential calculation (⌬V) based on the structural parameters has revealed that the orbital stability governs the magnetic and transport properties of bilayer manganites even under hydrostatic pressures. Thus high-pressure structural analysis is a powerful tool to reveal the complicated phenomena induced by pressures even in the strongly correlated electron systems.
